Introduction
============

The *Xanthomonadaceae* includes some of the major Gram-negative phytopathogens worldwide ([@ref-25]). Among them, *Xanthomonas citri* subsp. *citri* strain 306 (XccA) stands out as the causal agent of type A citrus canker (CC), one of the most significant citriculture diseases ([@ref-2]; [@ref-11]). This leaf-spotting and fruit rind-blemishing disease induces hyperplasic and hypertrophic lesions surrounded by water-soaked margins and a yellow halo on leaves, stems and fruits ([@ref-15]). These lesions may cause fruits and leaves to drop prematurely. Disease development relies on several virulence factors and host range determinants encoding an intricate number of plant-pathogen interaction mechanisms.

XccA-host interaction depends on expression of a number of bacterial and plant host genes ([@ref-5]). Extracellular polysaccharides, lipopolysaccharides, cell wall degradation enzymes, effectors and their secretion systems, two-component regulation systems (TCS) and cell-to-cell signaling or quorum-sensing (QS) are the main XccA-encoded virulence and pathogenicity factors ([@ref-16]). In addition, a number of other virulence factors, such as cell motility, detection of cell-wall-acting antibiotics, and other bacterial physiological processes also rely on bacterial mechanisms dependent on cell wall synthesis, remodeling and degradation. The totality of these processes determines XccA infection dynamics.

Peptidoglycan cleavage and subsequent remodeling is accomplished by murein lytic transglycosylases (LTs) ([@ref-14]). Therefore, the LTs are presumably involved with many of the XccA virulence and pathogenicity factors, but also seem to play several other roles in cell function: for instance, cell wall expansion during bacterial growth; septum division allowing cell separation; cell wall remodeling allowing flagellar assembly; bacterial conjugation; muropeptide recycling and cell wall lysis allowing sporulation and germination of Gram-positive bacteria ([@ref-3]). LTs are classified into six families (for a full review see [@ref-3]) according to predicted function and domain distribution, although the function and activity of a number of LTs remains to be determined. A true appreciation of LT diversity and distribution has been hampered by a lack of accurate annotation in publicly available genome sequences.

Information on the XccA LT arsenal, in particular, is limited. Previous studies had investigated the plasmid pXAC64 LT copy (*XAC_RS22275*; *mltB2*.1) in XccA using functional assays. The results suggested a role in XccA interaction with the citrus host ([@ref-19]). *XAC_RS22275* has a paralogue copy, *XAC_RS16355* (*mltB2*.2), situated on the XccA chromosome, with 99% identity to the plasmid copy. Both copies are passenger genes of derivatives of a Tn*3* family transposon, Tn*Xax1*. The Tn*3* family is a widespread group of transposable elements containing one or more passenger genes in addition to their transposition genes (see [@ref-26] for review). Tn*3* family transposons are also capable of mediating gene reassortment and genomic plasticity in their host genomes ([@ref-26]). Tn*Xax1* includes transposase (*tnpA*), resolvase (*tnpS*) and recombinase (*tnpT*) genes involved in the transposition process in addition to the *mltB2* and other virulence determinants. The Tn*Xax1* chromosome copy, Tn*Xax1.2*, contains additional passenger genes coding for Type 3 Secretion System (T3SS) effector proteins XopE3 and XopAI, while the Tn*Xax1.1* plasmid copy contains the XopE2 effector ([@ref-6]).

Previous studies demonstrated that the Tn*Xax1-*like element is conserved in *Xanthomonadales* and plays a significant role in evolution and emergence of pathogenicity in this order ([@ref-6]; [@ref-10]).

Although LTs are involved in cell-wall synthesis, remodeling and degradation, their exact role in pathogenicity in XccA is not entirely clear. In silico analysis coupled with functional assays of those proteins might shed some light about their role in XccA-mediated CC and virulence.

In the results reported here we identified, annotated, and performed comparative analysis of the murein LTs carried by XccA and also experimentally explored the function of the LTs carried by the Tn*Xax1* transposon. To investigate association between horizontal gene transfer and the plant-pathogen interaction virulence process, we generated site-directed deletion mutants of Tn*Xax1.1* (*XAC_RS22275*) and Tn*Xax1*.2 (*XAC_RS16355*) LT passenger genes in various combinations and examined the effects on a number of properties associated with virulence and pathogenicity.

Materials and Methods
=====================

Identification and in silico analysis of LTs in *Xanthomonas citri*
-------------------------------------------------------------------

The search for LT genes was performed on the GenBank database at NCBI using the BLAST tool ([@ref-1]) and catalogued using ClustalX ([@ref-21]) and *InterProScan* ([@ref-9]) tools using the classification proposed by [@ref-3].

Bacterial strains and growth media
----------------------------------

Strains used in this study are listed in [Table S1](#supp-6){ref-type="supplementary-material"}. The *X. citri* subsp. citri wild-type strain 306 (XccA) and mutant strains were cultivated in nutrient broth (NB: 0.5% peptone, 0.3% beef extract), nutrient agar (NA: 0.5% peptone, 0.3% beef extract, 1.5% agar), XVM2 (20 mM NaCl, 10 mM (NH4)2SO~4~, five mM MgSO~4~, one mM CaCl~2~, 0.16 mM KH~2~PO~4~, 0.32 mM K~2~HPO~4~, 0.01 mM FeSO~4~, 10 mM fructose, 10 mM sucrose, 0.03% casaminoacids, pH 6.7), gum media (2.5% glucose, 3% yeast extract, 2% K~2~HPO~4~, 0.1 g/L MgSO~4~.7H~2~O), tryptone swimming broth (1% tryptone, 0.5% NaCl, 0.3% agar), tryptone swarming broth (1% tryptone, 0.5% NaCl, 0.7% agar) and SB (0.5% sucrose, 0.5% yeast extract, 0.5% peptone and 0.1% glutamic acid, pH 7.0) at 29 °C. *Escherichia coli* strains were cultivated in Luria-Bertani medium (LB: 0.1% tryptone, 0.05% yeast extract, 0.10% NaCl, 1.5% agar; pH 7) at 37 °C. Antibiotics for selection of recombinant plasmids were used as needed at the following concentrations: kanamycin (Kn), 50 μg/mL; carbenicillin (Carb), 50 μg/mL; spectinocycin (Spc), 50 μg/mL.

Generation of *XAC_RS16355* (*mltB2*.2) and *XAC_RS22275* (*mltB2*.1) ORF deletion mutants
------------------------------------------------------------------------------------------

Site-directed mutagenesis through overlap extension PCR and homologous recombination ([@ref-39]) was used to generate three different mutants. PCR and ligations were performed as shown in [Fig. S1](#supp-1){ref-type="supplementary-material"}, using XccA bacterial genomic DNA as template and primers described in [Table 1](#table-1){ref-type="table"}, in order to obtain deletion mutants *ΔmltB2-pXAC64* (*ΔmltB2*.1), *ΔmltB2*---chromosome copy (*ΔmltB2*.2), and the double mutant, *ΔmltB2*-pXAC64---*ΔmltB2* (*ΔmltB2*.1--*ΔmltB2*.2). Primers B and C, R1 and F2 were designed with self-complementary tails ([Table 1](#table-1){ref-type="table"}). PCR was first performed to amplify A/B and C/D, F1/R1 and F2/R2, followed by a ligation PCR using primers B/C and F1/R2, together with first PCR products as templates (A/D and F1/R2). This resulted in deletion of the entire selected genes ([Fig. S1](#supp-1){ref-type="supplementary-material"}). Final PCR products A/D and F1/R2 were double digested with NheI/HindIII and BamHI/ApaI (New England BioLabs Inc®, Ipswich, MA, USA), respectively, according to the manufacturer's instructions ([Fig. S1](#supp-1){ref-type="supplementary-material"}) and the DNA fragments with the *mltB2* deletion were cloned into suitable similarly digested vectors. The DNA sequence of each mutant clone was verified.
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###### Primers used in this work.

![](peerj-06-6111-g006)

  ORF                                        Oligonucleotide name                           Sequence (5′--3′)                           Restriction site                         Product (bp)                Purpose
  ------------------------------------------ ---------------------------------------------- ------------------------------------------- ---------------------------------------- --------------------------- ---------------------------
  *XAC_RS16355* (*mltB2*.2)                  A (F)[\*\*](#table-1fn3){ref-type="fn"}        CATA[**GCTAGC**]{.ul}GGTTCGGTGACTACACCTTG   NheI[\*\*](#table-1fn3){ref-type="fn"}   237                         Site directed mutagenesis
  B (R)[\*](#table-1fn2){ref-type="fn"}      **CATCCCCGAGAGATACCC**GAGGTGGTG                --                                                                                                               
  C (F)[\*](#table-1fn2){ref-type="fn"}      **GGGTATCTCTCGGGGATG**TACGTCGGA                --                                          624                                      Site directed mutagenesis   
  D (R)[\*\*](#table-1fn3){ref-type="fn"}    GACGCTTTCTTCTGGCTG[**AAGCTT**]{.ul}CTGT        HindIII[\*\*](#table-1fn3){ref-type="fn"}                                                                        
  F1 (F)[\*\*](#table-1fn3){ref-type="fn"}   GTGT[**GGATCC**]{.ul}GGGCATTCTGACCGCCAT        BamHI[\*\*](#table-1fn3){ref-type="fn"}                                                                          
  *XAC_RS22275* (*mltB2*.1)                  R1 (R)[\*](#table-1fn2){ref-type="fn"}         **GCTCGGTGATTTTCCGTCT**GCAGGATCT            --                                       181                         Site directed mutagenesis
  F2 (F)[\*](#table-1fn2){ref-type="fn"}     **GACGGAAAATCACCGAGCT**GCAGCAGAG               --                                          198                                      Site directed mutagenesis   
  R2 (R)[\*\*](#table-1fn3){ref-type="fn"}   AAGGTGAGGGATATCCCCGATCAGG[**GGGCCC**]{.ul}GC   ApaI[\*\*](#table-1fn3){ref-type="fn"}                                                                           
  *XAC_RS16355* (*mltB2*.2)                  XAC_RS16355 (R)                                AAGGGGAGGCGCGTCCTCTTGGCG                    --                                       600                         Sequencing
  *XAC_RS22275* (*mltB2*.1)                  XAC_RS22275 (R)                                TGGGGCCGATATCGATAAAAAAAGGAATCC              --                                       600                         Sequencing

**Notes:**

B/C and R1/F2 oligonucleotides blue sequences are complementary to sequences in red of its pairing primer.

F, Forward; R, Reverse. Oligonucleotides synthesized by SIGMA-ALDRICH BRASIL.

Underlined regions represent added restriction sites.

pOK1 and pNPTS138 suicide vectors ([@ref-17]) were used to introduce the deletions into *mltB2*.1 and *mltB2*.2 genes, respectively, through homologous recombination. Ligation between vectors and fragments carrying the deletion mutants was performed with T4 DNA Ligase (New England BioLabs Inc®) using the manufacturer's specifications. Once ligated, closed vectors were transformed into chemically competent DH10B *E. coli* ([@ref-31]) and transformant colonies were selected using suitable antibiotics (kanamycin for pNPTS138 and spectinomycin for pOK1). DNA from selected colonies was sequenced to confirm successful deletion.

A confirmed pNPTS138-*ΔmltB2*.2 clone was used to generate the chromosomal Δ*mltB2*.2 mutant and pOk1-Δ*mltB2*.1 clone to generate the Δ*mltB2*.1 pXAC64 mutant by electroporation of electrocompetent XccA cells ([@ref-4]). Following transformation with antibiotic selection, the transformed cells were selected by susceptibility to sucrose provided by the suicide vector in NA medium. After loss of the suicide vector, the confirmed mutants are no longer resistant to antibiotics (kanamycin for pNPTS138 and spectinomycin for pOK1) nor susceptible to sucrose in NA medium. The double mutant, *ΔmltB2*.1--*ΔmltB2*.2, was obtained using the confirmed pNPTS138-*ΔmltB2*.1 clone to transform electro-competent Δ*mltB2*.2 cells, following the previous selection step. Mutant confirmation was performed with PCR followed by DNA sequencing on 3730xI DNA analyzer (Thermo Fisher Scientific, Waltham, MA, USA) using primers with high specificity to each gene (*XAC_RS16355*-R and *XAC_RS22275*-R) ([Table 1](#table-1){ref-type="table"}).

*In planta* pathogenicity tests
-------------------------------

Two methods were used for assessing pathogenicity. In the first, the strains were inoculated onto the leaf surface by the spray method ([@ref-12]; [@ref-37]). All strains were cultured for 48 h on NA plates at 29 °C, followed by inoculation on NB until a final O.D. 600 nm of around 0.5--0.8 ABS. Cells were collected by centrifugation and resuspended in PBS buffer to an O.D. 600 nm of 0.3, equivalent to 10^8^ CFU (Colony Forming Unit)/mL. Four different "Pera Rio" orange trees (*Citrus sinensis* L. Osbeck) were sprayed with each bacterial suspension until all leaves were completely coated, then covered with a clear plastic bag for 24 h. All leaves presenting CC symptoms were photographed 20 days after inoculation (DAI). Only young orange tree leaves (around 30 days old) were used for all experiments. Inoculated plants were kept in a high efficiency particulate arrestance filtered plant laboratory with controlled environmental conditions (28--30 °C, 55% humidity, 12 h light cycle).

In the second method, a bacterial suspension was injected directly into young leaves ([@ref-19]). Mutant and wild-type (WT) XccA strains were cultivated in 10 mL NB for 16 h at 29 °C and then centrifuged at 3,000 × *g* for 12 min at room temperature. The supernatant was discarded and the pellets resuspended in autoclaved tap water to an O.D. 600 nm of 0.3 ABS, equivalent to 10^8^ CFU/mL. These inocula were infiltrated at two points on the underside of three young leaves (technical replicates) in three different "Pera Rio" orange (*C. sinensis* L. Osbeck) plants (biological replicates) using needleless hypodermic syringes. WT XccA was infiltrated on each leaf on the left-hand side of the central vein, while mutants were infiltrated on the right-hand side, so that symptom progression could be compared side by side. One leaf in each plant was infiltrated with sterile distilled water as negative control.

*Ex planta* growth curve assay
------------------------------

Mutant strains and WT XccA were cultivated on NA for 24 h at 29 °C and individually transferred to 20 mL NB for 16 h at 29 °C (final O.D. 600 nm around 0.5--0.8 ABS). Cells were collected by centrifugation and resuspended in fresh NB to an O.D. 600 nm of 0.1 in a final volume of 1.5 mL. The inoculum was incubated in a Synergy H1 microplate reader (BioTek®, Winooski, VT, USA) under constant agitation at 29 °C and automated O.D. readings taken every 30 min. Growth curves were generated using *Graphpad Prism* 6 software, based on three technical and three biological replicates ([@ref-18]).

Viable cell count after plating on SB and NB media
--------------------------------------------------

All strains were cultured for 48 h on NA plates at 29 °C, followed by inoculation into NB or SB medium to a final O.D. 600 nm of around 0.5--0.8 ABS. Cells were diluted to an O.D. 600 nm of 0.3, equivalent to 10^8^ CFU/mL and 200 μL of each suspension was inoculated into 50 mL sterile falcon tubes containing 10 mL of each media. Cultures were kept at 29 °C under agitation (180 rpm) for 24 h, at which point O.D. readings were taken to ensure that all cultures were at the same O.D. Samples were diluted and 50 μL were plated on NA or SB agar. Plates were incubated for 72 h. All sample counts were based on three biological replicates.

*In planta* growth curve assay
------------------------------

*In planta* growth curve assays were performed on mutants and WT XccA according to [@ref-19] with modifications. Strains were cultivated in NA for 48/72 h at 29 °C. Cells from the surface of the plates were inoculated into fresh NB and grown to a final O.D. 600 nm of around 0.5−0.8 ABS. Cells were collected by centrifugation and ressuspended in falcon tubes containing 50 mL of autoclaved Milli-Q water to an O.D. 600 nm of 0.3, equivalent to 10^8^ CFU/mL. This inoculum was diluted 100-fold (10^6^ CFU/mL) and infiltrated on the underside of three young leaves (technical replicates) in three different plants (biological replicates) of "Pera Rio" orange (*C. sinensis* L. Osbeck) using hypodermic syringes. The number of cells per leaf area was determined at intervals by counting isolated colonies on NA plates using a microculture technique ([@ref-19]) (three dilutions and in triplicate).

Biofilm formation study
-----------------------

Assays were performed in rich NB medium ([@ref-36]) and defined virulence inducing media XVM2 supplemented with 1% w/v glucose ([@ref-30]). Once strains were cultivated on NA, as already described, log phase cells were transferred to rich NB/defined XVM2 media and ressuspended at 10^8^ CFU/mL. One mL of the bacterial suspension was then transferred to borosilicate glass tubes and incubated without agitation for 96 h at 29 °C. Biofilm formation was visualized with 0.1% crystal violet staining followed by washing with ultrapure sterile water. The remaining stained cells were dissolved in one mL 95% ethanol and quantified at O.D. 595 nm in a Bio-Rad iMark spectrophotometer. Averages of four technical and biological replicates were used to compare biofilm production in each strain.

Cell aggregation assays
-----------------------

Mutant and WT XccA strains were cultivated in NB for 16 h at 29 °C. Cell cultures were adjusted to 0.3 at O.D. 600 nm to a final volume of 10 mL per culture, and then two mL (pre-inoculum) were transferred to sterile 50 mL Erlenmeyer flasks containing 25 mL of NB. Once O.D. 600 nm reached 2.0 ABS, 10 mL of the cultures were transferred to borosilicate tubes. All cultures were vigorously agitated for 15 s and a 100 μL aliquot (0 h) was taken from each tube one cm below the top of each culture surface and added to 900 μL of fresh media (10× dilution). O.D. 600 nm was measured and multiplied by 10-fold to determine the cell density in the original culture. All tubes remained static during the entire experiment and samples were collected at hourly intervals as already described. Averages of two technical and four biological replicates were used to compare cell aggregation in each strain.

Assay for xanthan gum production
--------------------------------

Mutant and WT XccA strains were cultivated on NA for 48 h at 29 °C and individually transferred to 10 mL NB for 16 h at 29 °C, 180 rpm agitation. The O.D. 600 nm was adjusted to 0.3 (10^8^ CFU/mL) in a final volume of 2.5 mL. The inoculum was transferred to 250 mL Erlenmeyer flasks containing 100 mL gum media (25 g/L glucose, three g/L yeast extract, two g/L K~2~HPO~4~, 0.1 g/L MgSO~4~.7H~2~O) and incubated at 29 °C, 180 rpm for 96 h ([@ref-34]).

The cells from 96 h cultures were centrifuged at 9,666×*g* for 40 min at 4 °C. The bacterial pellets were resuspended in one mL autoclaved milli-Q water, transferred to a pre-weighed beaker and weighed again after 24 h at 70 °C. The supernatants were transferred to 500 mL beakers. The gum was recovered from the supernatants by adding four g of KCl to each beaker, followed by stirring at room temperature for 15 min. Two volumes of cold ethanol were added and the xanthan gum from each beaker was removed to pre-weighed plastic containers with the aid of a glass rod and a plastic sieve. After 72 h at 37 °C the plastic containers were weighed again and the gum amount was calculated. All extractions were performed with three biological replicates.

Bacterial motility assay
------------------------

Swimming motility was assayed ([@ref-29]) using plates of tryptone swimming broth with 0.3% added agar, while the swarming motility assay was performed on plates of tryptone broth with 0.7% added agar. Plates were incubated at 29 °C for 96 h with no agitation. Cell motility disks formed by the colonies on the surface of the plates were photographed by a digital immobilized camera and measured using ImageJ software. Assays were performed using five technical and four biological replicates.

Statistical analysis
--------------------

All results obtained were analyzed with Sigma plot software, using Tukey's test to compare means at 5% or 1% probability. Cell aggregation assay results were compared with ANOVA one-way tests.

Plasmid pXAC64 copy number determination
----------------------------------------

The plasmid copy number was estimated from data available from the NCBI Sequence Read Archive (SRA) (accession numbers [SRX195367](SRX195367) and [SRX195344](SRX195344)) from the BioProject [PRJNA177640](PRJNA177640). XccA raw reads were downloaded and mapped to the XccA genome ([NC_003919](NC_003919), [NC_003922](NC_003922) and [NC_003921](NC_003921)) with bowtie2 with---*very-sensitive* and---*end-to-end* parameters ([@ref-20]). The average coverage depth of the XccA chromosome and pXAC64 plasmid was estimated with SAMtools *depth* ([@ref-22]). The pXAC64 copy number was determined by dividing the coverage depth of the chromosome by that of the plasmids.

Results
=======

LT identification, diversity and categorization in the XccA genome
------------------------------------------------------------------

We identified 13 LTs in the XccA genome. A total of 12 belong to subfamilies 1A, 1B, 1C, 1D (two copies), 1F, 1G, 3A, 3B (two copies), 5A, 6A and one non-categorized LT gene ([Table 2](#table-2){ref-type="table"}). According to alignments, protein domain analyses, literature searches and annotation, the categorized LTs are probably involved in cell wall remodeling to allow assembly of type 3, 4 and 6 secretion systems into the cell wall, flagellum assembly, division and recycling of cell wall material, and degradation and control of peptidoglycan production ([Table 2](#table-2){ref-type="table"}).
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###### LTs and biosynthetic peptidoglycan transglycosylase found in *Xanthomonas citri subsp. citri*.
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  Locus tag     Gene name     Coordinates             Length (aa)   LT classification                             Proposed cellular role in XccA[\*](#table-2fn2){ref-type="fn"}
  ------------- ------------- ----------------------- ------------- --------------------------------------------- ---------------------------------------------------------------------------
  XAC_RS18005   *slt*         4,223,769..4,225,742    657           1A                                            Cell-wall recycling/peptidoglycan monomer production
  XAC_RS12500   *mltC*        2,862,053..2,863,036    327           1B                                            Peptidoglycan degradation
  XAC_RS11470   *mltE*        2,639,080..2,639,691    203           1C                                            Insertion of the type VI secretion system
  XAC_RS13860   *mltD2*       3,190,523..3,192,106    527           1D                                            Unknown (related to plant-bacteria recognition in bacterial pathogenesis)
  XAC_RS05550   *mltD1*       1,241,249..1,242,427    392                                                         
  XAC_RS13315   *sltF*        3,082,452..3,083,294    280           1F                                            Flagellum assembly
  XAC_RS02185   *hpaH/etgA*   487,771..488,334        187           1G                                            Insertion of the type III and IV secretion system
  XAC_RS03435   *mltB*        785,110..786,249        379           3A                                            Cell-wall recycling and resistance
  XAC_RS16355   *mltB2.2*     3,798,986..3,800,263    425           3B                                            Related to XccA virulence and fitness
  XAC_RS22275   *mltB2.1*     3,862..5,088 (pXAC64)                                                               
  XAC_RS05780   *mltG*        1,281,557..1,282,630    357           5A                                            Regulates peptidoglycan strand length
  XAC_RS03440   *rlpA*        786,246..787,673        475           6A                                            Cell division and/or morphogenesis
  XAC_RS21660   n/a           5,077,186..5,079,348    828           Unclassified/related to 3B                    Carbohydrate metabolic process/peptidoglycan binding function
  XAC_RS15470   *mtgA*        3,564,980..3,565,720    246           Biosynthetic peptidoglycan transglycosylase   Peptidoglycan biosynthesis

**Notes:**

*citri* 306 genome and pXAC64 plasmid classification and proposed gene names and role in XccA (for a detailed alignment and domain analysis please see [Fig. S2](#supp-2){ref-type="supplementary-material"}).

Considering that all classified LTs has a general function related to the rearrangement of the peptidoglycan layer.

The non-categorized LT (*XAC_RS21660*) is exclusive to the *Xanthomonas* genus. It is related to the 3B subfamily, but contains an additional glycoside hydrolase-type carbohydrate-binding domain (IPR014718) linked to carbohydrate metabolism ([Fig. S2](#supp-2){ref-type="supplementary-material"}). It is almost twice the size in amino acid residues compared to other 3B subfamily members and has low global sequence identity. However, it shares the peptidoglycan binding-like (IPR002477) and transglycosylase SLT 2 (IPR031304) domains, suggesting a potential role related to that of the other 3B family genes, *mltB2*.1 and *mltB2*.2, found in XccA.

In addition, we also identified a peptidoglycan transglycosylase (*mtgA*) which catalyzes peptidoglycan biosynthesis, and is widely distributed in gamma-proteobacteria, leading us to believe that *mtgA* is essential for XccA.

The two XccA 3B subfamily *mltB2* genes ([@ref-3]) are both 425 amino acid residues long with a signal peptide of 27 aa. They are 99% identical in sequence, differing by four synonymous nucleotide substitutions and only one non-synonymous substitution (Ser from *mltB2*.1 to Ala from *mltB2*.2 at position 51). Each is carried by a Tn*3*-family transposon and therefore capable of horizontal transmission and we previously suggested that they are involved in XccA virulence ([@ref-6], [@ref-7]) although their specific cellular role still remains unknown.

To investigate the effect of the Tn*Xax1 mltB2*.1 and *mltB2*.2 passenger LT genes on XccA virulence and pathogenicity, they were individually deleted (Materials and Methods) to generate the single mutants, *mltB2*.1-pXAC64/*ΔmltB2*.1 (*ΔmltB2*.1) and *mltB2*.2/Δ*mltB2*.2 (*ΔmltB2*.2), respectively. We also created the double mutant *ΔmltB2*.1--*ΔmltB2*.2 ([Fig. S3](#supp-3){ref-type="supplementary-material"}).

Tn*Xax1* associated LTs affect CC progression
---------------------------------------------

To determine the effect of *ΔmltB2*.1, *ΔmltB2*.2 and *ΔmltB2*.1--*ΔmltB2*.2 mutations on XccA pathogenicity, inoculation by the spray method was used (Materials and Methods) on young leaves of the susceptible orange variety "Pera Rio" (*C. sinensis* L. Osbeck). After 20 days of growth, the WT XccA and *ΔmltB2*.2 mutant strains showed the highest numbers and size of canker lesions, while the *ΔmltB2*.1 and *ΔmltB2*.1--*ΔmltB2*.2 strains generated much smaller and fewer lesions ([Fig. 1](#fig-1){ref-type="fig"}).

![*In planta* pathogenicity test by spray method.\
CC disease progression among *ΔmltB2*.2 (B), *ΔmltB2*.1 (C) and *ΔmltB2*.1--*ΔmltB2*.2 (D) mutants compared to WT XccA (A), 20 days after inoculation. Each bacterial suspension was sprayed at 10^8^ CFU/mL onto a whole "Pera Rio" orange tree. Six leaves of each treatment with the highest disease severity were photographed.](peerj-06-6111-g001){#fig-1}

To confirm this, the more aggressive "inoculation" procedure was used (Materials and Methods) with similar results. Photographs of typical leaves as a function of DAI are shown in [Fig. 2](#fig-2){ref-type="fig"}.

![*In planta* pathogenicity test by injection directly into young leaves.\
CC disease progression among *ΔmltB2*.2 (A), *ΔmltB2*.1 (B) and *ΔmltB2*.1--*ΔmltB2*.2 (C) mutants over the course of 12 days. Inocula were infiltrated at 10^8^ CFU/mL in two points on the underside of three young leaves (technical replicates) in three different plants (Biological replicates) of "Pera Rio" orange (*Citrus sinensis* L. Osbeck) using hypodermic syringes. On each leaf WT XccA was infiltrated on the left-hand side of the central vein, while mutants were infiltrated on the right-hand side. Table indicates symptom progression variation among mutants over the course of days. Degrees of disease severity are represented by water soaking, hyperplasia and necrosis of tissue, culminating with the spread of the pathogen to the environment. *ΔmltB2*.1 and *ΔmltB2*.1--*ΔmltB2*.2 mutants didn't show any signs of necrosis at day 12, while necrosis was clearly present on *ΔmltB2*.2 and XccA.](peerj-06-6111-g002){#fig-2}

The results indicate that the effects of the plasmid and chromosomal *mltB2* mutations are quantitatively different. The *ΔmltB2*.2 chromosomal mutant shows only a small or no effect compared to the WT XccA, whereas the mutant strains carrying the plasmid *ΔmltB2*.1 mutation (*ΔmltB2*.1 and the double mutant *ΔmltB2*.1--*ΔmltB2*.2) generate fewer and smaller canker lesions.

The effects of the *mlt* mutations on canker formation might reflect a direct role in pathogenicity, an indirect effect such as enhancement of cell growth and/ or survival *in planta* or a combination of these effects. To address these possibilities, we performed a variety of analyses on different aspects of bacterial cell growth.

mltB2.1 and *mltB2*.2 mutations do not affect growth *ex planta*
----------------------------------------------------------------

The most direct explanation for the effect of *mltB2* is that the genes enhance bacterial host cell growth *ex planta*. The results of simple growth curves of the WT and the three mutant configurations carried out in NB medium and followed by OD600 measurements is shown in [Fig. 3A](#fig-3){ref-type="fig"}. All cultures exhibit very similar growth reaching stationary phase after about 15 h.

![*Ex planta* bacterial growth, *in planta* bacterial growth and plating on NB and SB.\
(A) *Ex planta* bacterial growth curve performed on rich medium NB for 48 h. (B) Viable cell count on NB and SB medium depicting bacterial survival after plating. (C) *In planta* bacterial growth curve. Error bars indicate the standard error of three independent biological and technical replicates.](peerj-06-6111-g003){#fig-3}

The effects of the mutant *mltB2* alleles are therefore unlikely to be directly linked to *ex planta* cell growth per se, since the growth curves of the WT XccA and the mutants appeared nearly identical. This also shows that *mltB2* is not essential for XccA growth. However, since MltB2 functions may be involved in cell wall metabolism, it is possible that, while cell mass (as measured by O.D. 600) is not affected during growth in liquid culture, the genes may provide protection to the host cells under other conditions.

*mltB2*.1 and *mltB2*.2 are not essential for *in planta* bacterial survival, and may provide protection to plating while also intervening with surface cell attachment
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------

To address the possibility that *mltB2* plays a more subtle role and could provide protection when the bacteria are located on solid surfaces, such as agar plates, cultures grown for 24 h at 29 °C in NB or SB medium were plated on the corresponding agar plates. Viable cell count (log^10^ CFU/mL) are shown in [Fig. 3B](#fig-3){ref-type="fig"}. Surprisingly, although the XccA WT and mutant cultures grew to the same OD in a given medium, the mutants exhibited a reduced number of CFU/mL compared to the WT strain in both NB and SB media, implying either a sensitivity to plating with the MltB2 defect and/or a difference in cell size, or other physiological processes affected by MltB2.

In spite of this, the single and double mutants are all able to propagate *in planta* ([Fig. 3C](#fig-3){ref-type="fig"}). To further examine the behavior of the mutant strains we investigated a number of their growth and virulence-related properties.

*mltB2*.1 and *mltB2*.2 have only a moderate impact on biofilm formation and xanthan gum production but none on cell aggregation and motility
---------------------------------------------------------------------------------------------------------------------------------------------

Biofilm formation, cell aggregation, xanthan gum production and bacterial motility are important features directly implied with XccA virulence. However, only slight differences in biofilm production between WT XccA and the mutants, *ΔmltB2*.1, *ΔmltB2*.2 and *ΔmltB2*.1--*ΔmltB2*.2, in both NB and in XVM2 media (which mimics the *in planta* conditions) were observed. There was no significant difference between the mutants and less than a twofold difference with the WT strain in NB medium ([Fig. 4A](#fig-4){ref-type="fig"}), a difference which is further reduced in Glucose supplemented XVM2 medium ([Fig. 4A](#fig-4){ref-type="fig"}). The differences in biofilm production between the mutants and WT XccA are more prominent when measured in borosilicate tubes and microtitter plates ([Fig. 4B](#fig-4){ref-type="fig"} and [Fig. S4](#supp-4){ref-type="supplementary-material"}), supporting a role for MltB2 in biofilm formation.

![Biofilm formation, Cell Aggregation assay, and Xanthan gum quantification.\
(A) Biofilm formation assay. Measurement of biofilm formation by WT XccA and the mutants Δ*mltB2.1*, *ΔmltB2.2* and *ΔmltB2.1*--*ΔmltB2.\_2*. Assay performed using NB broth in static borosilicate glass tubes, and XVM2 defined media supplemented with 1% glucose (w/v) in static borosilicate glass tubes. Each bar is the mean of four independent experiments in which each strain was evaluated in quadruplicate. Error bars indicate the standard error. The data were statistically analyzed using *Tukey*'s test at 1% probability (*P* \< 0.01). "a" and "b" indicate significant statistical difference among samples. (B) Stained biofilm for all strains on borosilicate glass tubes after assay performed using NB broth (biofilm formation for all strains on Microtitter plates and under the same conditions is shown in [Fig. S4](#supp-4){ref-type="supplementary-material"}). (C) Cell Aggregation assay. Bars represent optical density readings at 600 nm in each strain over the course of 12 hours. Lower readings represent higher cell aggregation. Each bar is the mean of four independent experiments in which each strain was evaluated in quadruplicate. Error bars indicate the standard error. (D) Xanthan gum quantification. Extraction and quantification of xanthan gum on WT XccA and mutants *ΔmltB2.1*, *ΔmltB2.\_2* and *ΔmltB2.\_1*--*ΔmltB2.2*. Production increase is depicted in mg of gum produced by mg of bacteria extracted. Each bar is the mean of three independent experiments in which each strain was evaluated in triplicate. Error bars indicate the standard error. The data were statistically analyzed using Tukey's test at 1% probability (*P* \< 0.01). "a" and "b" indicate significant statistical difference among samples.](peerj-06-6111-g004){#fig-4}

Since lower cell aggregation can lead to a reduction in biofilm production ([@ref-30]), we tested the capacity of mutants and WT strains to aggregate (Materials and Methods), and to determine whether they correlate with the biofilm production assays. In spite of the results presented in the [Fig. 4C](#fig-4){ref-type="fig"} which suggested that the WT strains have a slightly higher capacity to aggregate than the mutants, no statistical significance was observed, and therefore the lower biofilm production would not be directly related to cell aggregation ([Fig. 4C](#fig-4){ref-type="fig"}).

Moreover, the measurement of xanthan gum production, which can also have an effect on the ability to form biofilms and to aggregate, also indicated only small differences between the mutant and WT strains ([Fig. 4D](#fig-4){ref-type="fig"}).

Finally, since motility may also play a role in pathogenicity and virulence, we examined the potential effects on swarming and swimming behavior. Neither showed a significant difference between WT XccA and the three mutant configurations after 96 h ([Fig. 5](#fig-5){ref-type="fig"}, and [Fig. S5](#supp-5){ref-type="supplementary-material"} for greater detail for 24, 48, 72 and 96 h), indicating that the Tn*Xax1* passenger LTs are not directly involved in flagellum assembly and bacterial motility.

![Bacterial Motility.\
*Swimming* motility (0.3% agar) of WT XccA and mutants *ΔmltB2.1*, *ΔmltB2.2* and *ΔmltB2.1*--*ΔmltB.2\_.2*, and *swarming* motility (0.7% agar) of WT XccA and mutants *ΔmltB2.1*, *ΔmltB2.2* and *ΔmltB2.1*--*ΔmltB2.\_2*. Each bar is the mean of four independent experiments in which each strain was evaluated in quadruplicate. Error bars indicate the standard error. The data were statistically analyzed using Tukey's test at 1% probability (*P* \< 0.01). "a" indicates no significant statistical difference among samples.](peerj-06-6111-g005){#fig-5}

Overall, these results indicate that the mutants *ΔmltB2.1*, *ΔmltB2.2*, and *ΔmltB2.1*--*ΔmltB2.2* do not affect cell aggregation or motility, but may play a small role in biofilm formation and xanthan gum production, thus supporting the idea of a link between MltB2 and XccA virulence mechanism.

Discussion
==========

Lytic transglycosylase gene content of *Xanthomonas citri* pv *citri*
---------------------------------------------------------------------

In view of the importance of bacterial LTs in general and the fact that we previously observed such genes associated with the Tn*3*-family transposon, Tn*Xax1*, identified in *Xanthomonas citri* pv citri (XccA), we initiated a study to determine the overall LT XccA gene content. We scanned its entire genome sequence ([NC_003919](NC_003919), [NC_003922](NC_003922) and [NC_003921](NC_003921)) using the LT gene list and classification according to [@ref-3]. This categorizes LTs into six families (one to six) and includes subfamilies (1A, 1B, 1C, 1D, 1E, 1F, 1G, 1H; 2A; 3A, 3B; 4A; 5A; 6A) ([@ref-3]). A total of 13 LTs were identified in XccA genome ([Table 1](#table-1){ref-type="table"} and [Fig. S2](#supp-2){ref-type="supplementary-material"}), including the newly discovered *XAC_RS21660* LT, which is exclusively found in Xanthomonadales.

Interestingly, tblastn analysis against non-Xanthomonadales genomes revealed that *XAC_RS21660* hits are partitioned between two different and physically distant loci, mostly occurring in the *Pseudomonas* genus. Both loci form distinct ORFs: a homologue of *mltB2* LT from the 3B family and an epimerase related protein. The fact that these ORFs are located in different and distant loci in *Pseudomonas* suggests that *XAC_RS21660* may have been created by fusion of the two *Pseudomonas* ORFs. However, how this occurred remains to be established. This LT would also be a potential target for further studies since it is found exclusively in *Xanthomonadales*, and its role may also be related to that of the Tn*Xax1* 3B LT passenger genes, *mltB2*.1 and *mltB2*.2.

It is noteworthy that only a limited number of functional studies of LTs have been undertaken in *Xanthomonadales*: deletion of the 1G family member, *hpa2* (*PXO_RS00425*, 86% identity with *XAC_RS02185*), in *Xanthomonas oryzae* pv. *oryzae* (the causal agent of rice leaf bacterial blight) reduced the severity of disease symptoms and bacterial population on the leaf surface ([@ref-38]), while the product of the *hpa2* gene (*XOC_RS19750*, 84% identity with *XAC_RS02185*) of *Xanthomonas oryzae* pv. *oryzicola* (the causative agent of leaf bacterial striatum, EBF, in rice) has been shown to interact with T3SS genes forming a complex to translocate effectors from the pathogen to the host ([@ref-23]) and the *hpaH* homolog of *Xanthomonas campestris* pv. *vesicatoria* (*IS_RS03455*, 94% identity with *XAC_RS02145*) is located in the periplasm, where it binds to peptidoglycan and promotes the translocation of effectors into host cells ([@ref-13]). These observations led to the belief that in XccA the 1G subfamily is also involved in insertion of type 3 and 4 secretion systems. Moreover, like the 1G family, proteins of the 1C subfamily are associated with cell wall remodeling and T4SS insertion ([@ref-32]) as demonstrated for the *E. coli* MltE protein ([@ref-8]). There are two distinct members of the 1D subfamily and, although they include the LysM domain (IPR018392) ([Fig. S2](#supp-2){ref-type="supplementary-material"}) commonly involved in plant-bacteria recognition ([@ref-35]), their role in XccA has not been determined ([Table 2](#table-2){ref-type="table"}). LTs belonging to families 1E, 1H, 2A and 4A were not identified in the XccA genome. Their absence is not surprising, since not all microorganisms would be expected to possess the entire known LT arsenal ([@ref-3]). Moreover, different LT families may show functional redundancy ([@ref-3]; [@ref-33]).

Possible role(s) of Tn*Xax1*-associated *mltB2* genes in the XccA life-style
----------------------------------------------------------------------------

The occurrence of an *mltB2* copy in Tn*Xax1* both in pXAC64 and the XccA chromosome implies that this gene provides a selective advantage on its host. We have investigated various properties of XccA in which one or other or both *mltB* copies had been deleted.

The effect of the Tn*Xax1 mltB2*.1 and *mltB2*.2 passenger LT genes on XccA virulence and pathogenicity were revealed by inoculation using the spray method and by the more aggressive "inoculation" procedure ([Figs. 1](#fig-1){ref-type="fig"} and [2](#fig-2){ref-type="fig"}). Even though less dramatic than the results from the spray test, results from the inoculation assay showed that mutants *ΔmltB2*.1 and *ΔmltB2*.1--*ΔmltB2*.2 exhibit a clear delay in CC symptom development, evidenced by a reduction in hyperplastic tissue formation and complete absence of necrosis on later days compared to the wild strain (XccA WT). On the other hand, the chromosomal *ΔmltB2*.2 mutant showed very similar symptoms to those observed with WT XccA (no alterations in water soaking, hyperplastic tissue formation or necrosis) ([Figs. 1](#fig-1){ref-type="fig"} and [2](#fig-2){ref-type="fig"}).

The differential effect of the two *mltB2* mutations (shown in [Figs. 1](#fig-1){ref-type="fig"} and [2](#fig-2){ref-type="fig"}) might be the result of factors such as: a difference in expression of the two genes, a reduction in the activity of the chromosomal gene resulting from the single amino acid difference, or a difference in gene copy number between the plasmid and chromosomal copies. It seems unlikely that differential expression is responsible since the genes have an identical sequence environment within the Tn*Xax1* transposons. In particular, the putative promoter region (including the −35 and −10 region located upstream of the start codon) of *mltB2*.1 and *mltB2*.2 are identical. It also seems unlikely that the single amino acid difference is responsible since this occurs distant from the peptidoglycan binding-like and transglycosylase SLT 2 domains although the synonymous mutations could have an effect on expression at the translational level or on mRNA stability.

To determine whether the differences might be explained by copy number differences between the plasmid and chromosomal *mltB2* copies, we estimated these directly from data deposited in the NCBI SRA. Indeed, coverage ratio analysis indicated three pXAC64 copies per chromosomal origin of replication (Material and Methods). This is similar to the estimated copy number of pXOCgx01 and pXAP41 from *Xanthomonas oryzae* pv. *oryzicola* and *Xanthomonas arboricola* pv. *pruni*, four copies per cell ([@ref-27]; [@ref-28]). Like pXAC64, those include conjugal transfer genes, Tn*Xax1* derivative elements and several virulence and pathogenicity genes, such as: heavy metal tolerance genes and T3SS effectors ([@ref-27]; [@ref-28]).

The higher *mltB2*.1 plasmid-based copy number may therefore lead to an overall higher level of expression than the lower copy number chromosomal *mltB2*.2, explaining the observed results shown in [Figs. 1](#fig-1){ref-type="fig"} and [2](#fig-2){ref-type="fig"}.

Moreover, the ex vivo growth curve and plating tests on NB (defined medium) and SB (rich medium), suggests that MltB2 affects cell plating sensitivity or cell size ([Figs. 3A](#fig-3){ref-type="fig"} and [3B](#fig-3){ref-type="fig"}). However, the behavior under other physiological conditions, such as survival in media with lower nutrient concentration than in NB, and/or an increasing level of production of potentially toxic compounds produced by the bacteria in both NB and SB media, warrants confirmation.

Nonetheless, the single and double MltB2 mutants are all able to propagate *in planta* ([Fig. 3C](#fig-3){ref-type="fig"}). These findings support the notion that both MltB2 copies are indeed associated with XccA virulence, affecting the CC progression.

To explore the potential impact of the MltB2 in XccA cell in more detail, we examined a number of virulence related properties: biofilm, xanthan gum, motility and bacterial aggregation. These are all important characteristics related to bacterial virulence, and play key roles in pathogen-host interactions ([@ref-30]). Indeed, biofilm production is advantageous for the bacterium because it offers protection against environmental stresses, mechanisms of defense by the host and production of antimicrobial compounds, besides promoting the development of the disease ([@ref-24]).

All mltB2 mutants were found to form slightly lower biofilm levels ([Fig. 4A](#fig-4){ref-type="fig"}), and slightly higher xanthan gum production ([Fig. 4D](#fig-4){ref-type="fig"}) compared to WT XccA. *Although it* was not possible to establish that *mltB2*.1/*mltB2*.2 play a direct role in these phenomena or whether the differences are significant, these observations do suggest that MltB2 may play a subtle role in cell physiology and may influence assembly of other proteins important for biofilm, xanthan gum formation and secretion, and consequently, together, ultimately impacting CC development. The results also suggest the hypothesis that the lower production of biofilm observed in the mutant may increase the planktonic lifestyle of XccA rather than the production of mature biofilm that renders a more virulent microorganism, and therefore corroborating pathogenicity results shown in [Figs. 1](#fig-1){ref-type="fig"} and [2](#fig-2){ref-type="fig"}. Additionally, it seems that both MltB2 are not involved with cell motility and aggregation. According to the classification presented in the [Table 2](#table-2){ref-type="table"}, we believe that the LT involved with the bacterial motility might be *XAC_RS13315* (*sltF*) from family 1F.

Taken together, these results reveal that *mltB2*.1 and *mltB2*.2 are not essential for XccA survival or CC development *in planta* since CC is delayed but eventually occurs in the absence of both genes. However, since deletion of the plasmid borne *mltB2*.1 results in a significant delay in CC intensity and appearance, this suggests that this gene product enhances XccA pathogenicity. While the results presented here do not reveal a detailed molecular picture of the role of MltB2, it is clear that both genes improve the disease promoting properties of the XccA host, perhaps by subtly influencing a number of processes involved, and thus would provide a selective advantage for their host bacteria.

Conclusion
==========

The major virulence and pathogenicity factors in XccA include T3SS, Type 2 secretion system, formation of biofilm and xanthan gum, QS, TCS as well as a suite of transcription activator-like effectors (TALEs) and *Xanthomonas* outer proteins (Xops) which are secreted by the T3SS ([@ref-5]).

We had previously shown not only that a number of effectors genes were passengers associated with Tn*3*-family transposons but also that the majority of TALE genes we had identified also form part of Tn*3*-like transposons. Indeed, a large number of these were in the form of mobile insertion cassettes in which they are flanked by long Tn*3*-family terminal inverted repeats but lack any of the Tn*3*-family transposition enzymes and whose transposition must depend on the availability of a cognate transposase supplied from another related transposon.

The results presented here demonstrate that another Tn*3*-family associated passenger gene, *mltB2*, are directly related with XccA virulence and affects CC progression. In addition, the data show that a plasmid-base copy of the gene, *mltB2*.1, had a larger effect than deletion of the chromosomal copy, *mltB2*.2. This is possibly due to a copy number effect since the pXAC64 plasmid is present in several copies per cell compared to the chromosomal copy. In spite of the presumably relationship with the peptidoglycan metabolism, neither gene was essential for XccA survival or CC development. However, more detailed biochemical and genetic studies are required to determine the exact function of *mltB2*.

This study has provided new insights into the cellular role of the MltB2 LTs, and together with information concerning the TALE genes ([@ref-6]), underlines the importance of mobile genetic elements, both plasmids and transposons, in the pathogenicity of XccA and, by inference, other Xanthomonads.
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###### Figure S1. Schematic representation of the generation of *XAC_RS16355* (*mltB2*.2) and *XAC_RS22275* (*mltB2*.1) ORF deletion mutants.
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###### Figure S2. LTs found on *Xanthomonas citri* subsp. *citri* 306 genome.

Alignment against the reference LTs according to Dick et al. (2017) and domain architecture.
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###### Figure S3. 1% agarose gels showing deletion *ΔmltB2*.1*, ΔmltB2*.2 and *ΔmltB2*.1*-ΔmltB2*.2 mutants confirmation.

\(M\) 1Kb *Fermentas* *DNA Ladder* marker. ***ΔmltB2.1*** **mutant:** (C1) wt *mltB2*.2 gene, 2,100 bp; (C2) wt *mltB2*.1 gene, 1,100 bp; (1) wt *mltB2*.2 gene, 2,100 bp; (2) *ΔmltB2*.1 mutant, 500 bp; ***ΔmltB2.*****2** **mutant:** (C1) *mltB2*.2 *wt* gene, 2,100 bp*; (C2) mltB2*.1 wt gene, 1,100 bp*;* (3) *ΔmltB2*.2, 750 bp; (4) *mltB2*.1 wt gene, 1,100 bp; ***ΔmltB2.*****1*****-ΔmltB2.*****2 double mutant:** (C1) *mltB2*.2 wt gene, 2,100 bp; (C2) *mltB2*.1 wt gene, 1,100 bp*;* (5) *ΔmltB2*.2 mutant, 750 bp; (6) *ΔmltB2*.1, 500 bp..
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###### Figure S4. Biofilm formation assay on Microtiter plates.

Depiction of biofilm formation by WT XccA and the mutants *ΔmltB2*.1*, ΔmltB2*.2 and *ΔmltB2*.1*-ΔmltB2*.2. Assay performed using NB broth on Microtitter plates in order to compare results with the same assay performed in borosilicate glass tubes, under the same conditions. Each row is representative of five independent biological replicates. Results did not differ among Microtitter plates or borosilicate glass tubes.
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###### Figure S5. Bacterial Motility assay plates.

Bacterial motility assay plates photographed after 24, 48, 72 and 96 hours. Each plate contains the WT XccA and mutants *ΔmltB2*.1*, ΔmltB2*.2 and *ΔmltB2*.1*-ΔmltB.2*.2. *Swarming* motility plates (0.7% agar) shown on top row. *Swimming* motility plates (0.3% agar) shown on bottom row.
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###### Table S1. Bacterial strains and plasmids used in this work.
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###### Cell Aggregation raw data.
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###### Biofilm raw data.
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###### *In planta* growth curve raw data.
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###### *Ex planta* growth curve raw data.
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###### NB and SB medium raw data.
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###### Cell motility raw data.
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###### Xanthan gum raw data.
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